Background: Childhood asthma may have a fetal origin through fetal growth and development of the immunocompetence or respiratory organs. Objective: We examined to which extent short gestational age, low birth weight and fetal growth restriction were associated with an increased risk of asthma hospitalization in childhood. Methods: We undertook a cohort study based on several national registers in Denmark, Sweden and Finland. We included all live singleton born children in Denmark during 1979-2005 (N = 1,538,093), in Sweden during 1973 -2004 , and a 90% random sample of singleton children born in Finland during 1987Finland during -2004. The children were followed from three years of age to first hospitalization for asthma, emigration, death, their 18th birthday, or the end of study (the end of 2008 in Denmark, and the end of 2007 in Sweden or Finland), whichever came first. We computed the pseudo-values for each observation and used them in a generalized estimating equation to estimate relative risks (RR) for asthma hospitalization. Results: A total of 131,783 children were hospitalized for asthma during follow-up. The risk for asthma hospitalization consistently increased with lower birth weight and shorter gestational age. A 1000-g decrease in birth weight corresponded to a RR of 1.17 (95% confidence interval (CI) 1.15-1.18). A one-week decrease in gestational age corresponded to a RR of 1.05 (95% CI 1.04-1.06). Small for gestational age was associated with an increased risk of asthma hospitalization in term but not in preterm born children. Conclusions: Fetal growth and gestational age may play a direct or indirect causal role in the development of childhood asthma.
Introduction
Asthma is a significant health problem for families and society [1] . More than 50% of children with asthma develop symptoms before their fifth birthday [2] , indicating that pre-or perinatal factors may play a causal role. Preterm birth, low birth weight and fetal growth restriction may be associated with disturbed immunocompetence and restrict normal lung growth and development [3] [4] [5] [6] , thereby predispose children to asthma later in life [4, 7] . However, epidemiologic findings linking gestational age, birth weight, fetal growth and childhood asthma are inconsistent. Gestational age has been associated with asthma in some studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] but not in others [18] [19] [20] [21] [22] [23] . Previous studies on birth weight and asthma are also contradictory with both inverse [8, 9, 13, 14, 21, [23] [24] [25] [26] , direct [18, 27] , as well as null results [19, 20, 28, 29] . As gestational age and birth weight are strongly correlated, small for gestational age (SGA) is commonly used as a proxy for fetal growth restriction [30] . Findings on asthma and SGA have also been inconclusive. While some indicated an association between SGA and increased risk of asthma [15, 31] , others found no association [9, 32, 33] , or even an inverse association [34, 35] . Comparison of these studies is hampered by differences in defining the study populations and their size, e.g. children born with different gestational age and different follow-up time periods. Results from twin studies may not reflect associations for singletons [19, [23] [24] [25] . Studies that found no association were often based on smaller sample sizes [18, 20, 33] . And there has currently been no "gold standard" for diagnosis of asthma and it remains unclear how the condition should be defined and measured in epidemiological studies. Self-reported asthma may be subject to recall bias and subjective interpretation of disease status [19] [20] [21] [22] 25, 29, 33] . Asthma diagnosis is considered less accurate in young children due to its clinical instability in early years of life [33, 36, 37] . In addition, different reference curves for birth weight for gestational age have been used to estimate fetal growth [38] . Further, these curves are usually based on the distribution of live births and do not necessarily reflect normal fetal growth. Preterm born infants are smaller than fetuses of the same gestational age due to the fact that fetal growth restriction is a risk factor for both medically indicated and spontaneous preterm birth [39] .
Large population-based studies using the register systems in three Nordic countries allowed a detailed analysis of the association between gestational age, birth weight, fetal growth and risk of childhood asthma. We included information on a number of social demographic variables and explored the risk for asthma hospitalization as a function of gestational age, birth weight, and fetal growth in a cohort of children followed until they reached 18 years of age.
Methods

Study population
We used a cohort study based on linkage between several national registers in Denmark, Sweden and Finland. All live-born children and new residents in the three Nordic countries are assigned a unique personal identification number, which can be used to link information at the individual level in all national registers. We first identified all singleton live births during 1979-2005 recorded in the Danish Medical Birth Registry (DMBR) and during 1973-2004 in the Swedish Medical Birth Register (SMBR). In Finland, we were only allowed to include a 90% random sample of singleton children born during 1987-2004 in the Finnish Medical Birth Registry (FMBR). The DMBR has been computerized since 1973 and includes data on gestational age from 1978. The SMBR was established in 1973, and the FMBR was established in 1987. The DMBR was linked to the Danish Civil Registration System, the Danish National Patient Register [40] , and the Danish Integrated Database for Longitudinal Labor Market Research. The SMBR was linked to the Swedish Multi-generation Register, the Swedish Patient Register [41] , and the Swedish Education Register. The FMBR was linked to the Finnish Hospital Discharge Register [42] and the Population Register at Statistics Finland. A total of 5,928,759 births were recorded during the study period in the birth registries. We excluded 198,733 (3.3%) infants who had missing or unrealistic gestational age or birth weight data (gestational age < 154 or > 315 days and birth weight < 300 or > 6400 grams), 44 infants whose mothers' data on parity were missing, 30,424 deceased infants and 43,051 infants who emigrated under three years of age. Seven infants were reported to die from asthma before three years of age. Of remaining 5,656,507 children, 1,538,093 were born in Denmark (27.2%), 3,067,670 in Sweden (54.2%), and 1,050,744 in Finland (18.6%).
Exposures
We used three different indicators of fetal development and growth: gestational age, birth weight, and SGA. Information on birth weight and gestational age were obtained from the DMBR, SMBR and FMBR. Gestational age in the DMBR was previously based on the date of last menstrual period (LMP), but in the recent 20 years, ultrasound measurements have been increasingly used to correct LMP if needed. In Sweden, early second trimester ultrasonography to estimate gestational age is routinely offered since 1990, and 95% of women accept this offer, otherwise the date of the LMP is used. Gestational age in the FMBR was estimated from the date of the LMP, unless there was a discrepancy with the first-or second-trimester ultrasonography measurements of more than seven or 14 days, respectively, in which case the latter measurements were used. We categorized gestational age at birth into six groups: 22-28 weeks, 29-32 weeks, 33-36 weeks, 37-38 weeks, 39-41 weeks, and 42-45 weeks. We categorized birth weight into 10 groups: <1000 g, 1000-1499 g, 1500-1999 g, 2000-2499 g, 2500-2999 g, 3000-3499 g, 3500-3999 g, 4000-4499 g, 4500-4999 g, and ≥5000 g. Expected birth weight was calculated using the sex-specific fetal growth curves for gestational age by Marsal et al. [43] . SGA was defined as a birth weight < −2 SD of expected birth weight, large for gestational age (LGA) as >2 SD of expected birth weight [43] , and appropriate for gestational age (AGA) as ≥ −2 SD and ≤2 SD of expected birth weight. Z-scores were calculated using the following formula: Z-score = (birth weight-expected birth weight according to gestational age and sex)/SD of expected birth weight according to gestational age and sex.
Outcome
Diagnosis of asthma in young children aged 0-3 years is difficult because asthma symptoms are often nonspecific [44] . Self-reported asthma cannot be validated against a medical diagnosis because of recall bias and individual differences in symptom perception [45] . Using population-based register data to obtain information about asthma can be useful as they do not depend on recall but upon routinely medically diagnosed asthma cases. For that reason, we used hospitalization for asthma after three years of age, as recorded in the Danish National Hospital Register, the Swedish Patient Register, and the Finnish Hospital Discharge Register. The Danish National Patient Registry includes inpatient diagnosis on all hospitalizations in the country since 1977; outpatient diagnoses were included from 1995 onwards [40] . The Swedish Patient Register has collected information on inpatient care since 1964/1965 and reached nation-wide coverage in 1987 [41] . The Finnish Hospital Discharge Register contains nationwide linkable data on all inpatient hospital discharges since 1969 and all outpatient visits to public hospitals since 1998 [42] . Asthma was identified based on the following International Classification of Diseases (ICD) codes: 493 (ICD-8 and ICD-9); and J45, J46 (ICD-10). The first hospitalization for asthma was defined as the date of first admission in the registers for those who had one of the above mentioned ICD codes.
Follow-up
The children were followed from three years of age to hospitalization for asthma, emigration, death, their 18th birthday, or the end of follow up (the end of 2008 in Denmark, and the end of 2007 in Sweden or Finland), whichever came first.
Statistical analysis
We measured the cumulative risk for asthma hospitalization, using STATA (version 11.2). A method based on pseudovalues has been proposed for direct regression modeling of cumulative incidence function with right censored data at a fixed point in time [46] , which was 18 years of age in our study. The pseudo-values were calculated for each individual and generated once. We computed the pseudo-values for each observation based on the difference between the complete sample and the leave-one-out estimators of relevant survival quantities. All computations were performed in STATA using the stpsurv command for generating the pseudo-observations for the failure function [46] . We used these pseudo-values in a generalized estimating equation (GEE) to model the effects of fetal development on asthma hospitalization with a log link function. The relative risk (RR) for asthma hospitalization was estimated with 95% confidence interval (CI). All multivariable models were adjusted for potential confounders, including country of residence (Denmark, Sweden, and Finland), maternal age at delivery (15-26 years, 27-30 years, ≥ 31 years), parity (1st, 2nd, 3rd and higher), mode of delivery (delivered vaginally, delivered by cesarean section), maternal social status at birth (not in labor market, unskilled workers, skilled workers and white collar workers, top level status), family history of asthma (in father, mother or sibling), sex of the children, and calendar year of birth (1973-1977, 1978-1982, 1983-1987, 1988-1992, 1993-1997, 1998-2002, 2003-2005) .
We explored the association between gestational age, birth weight, SGA and asthma hospitalization separately. When we focused on predictors as recorded at birth, we did the analysis by including gestational age and birth weight in the same model. In order to explore whether the association between fetal growth and asthma hospitalization changed with gestational age, we also performed the analysis stratified by gestational age. The association between birth weight and asthma risk was explored using 3500-3999 g as a reference. We used full term (39-41 weeks) children as the reference group when analyzing the association between gestational age and hospitalization for asthma. The association between estimated fetal growth and asthma risk was explored using AGA children as reference.
As cesarean section has been proposed to affect immune system development [47] , we did a sub-analysis stratified on mode of delivery. In order to find whether fetal development acts on asthma hospitalization through complications of preterm birth, we did a sub-analysis using Danish and Finnish registers by further adjustment for complications of preterm birth (bronchopulmonary dysplasia and respiratory distress syndrome). We also did a subgroup analysis to estimate residual confounding by linking to the Danish National Birth Cohort [48] . In addition to aforementioned potential confounders, the confounding effect of weight before pregnancy, maternal asthma during pregnancy, maternal smoking during pregnancy, breastfeeding duration, environmental tobacco smoke (ETS) exposure, contact with pets in childhood, mother's marital status, and cohabit status was estimated in this subsample.
To examine whether associations between fetal development and onset of asthma were dependent on the asthma definition, we also replicated our analyses by identifying asthma on the basis of asthma medications in live singleton births during 1993-2005 recorded in the DMBR. Information on asthma medication was obtained from the Danish National Prescription Registry [49] . The anatomical therapeutical chemical (ATC) codes for inhaled asthma drugs were: inhaled β 2 -agonists (R03AC02, R03AC03, R03AC04, R03AC12 and R03AC13), inhaled glucocorticoids (R03BA01, R03BA02 and R03BA05), fixed-dose combination of inhaled β 2 -agonists and glucocorticoids (R03AK06 and R03AK07), and leukotriene receptor antagonists (R03DC03). We defined asthma according to at least two prescriptions of asthma drugs after three years of age. Medications prescribed on the same day were considered to represent one prescription. The first asthma occurrence was defined as the date of first anti-asthmatic drugs redeemed.
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Results
The mean follow-up time was 10.6 years (95% CI 1.1-15.0), altogether 6.0 × 10 7 person-years. A total of 131,783 children were hospitalized at least once for asthma during the study period. Table 1 shows the characteristics of the study population.
The risk of hospitalization for asthma increased with lower birth weight and shorter gestational age. The highest cumulative incidence was found in children born with a birth weight of < 1000 g and extremely preterm births (children born at 22-28 weeks) (Figures 1 and 2) . A 1000-g decrease in birth weight corresponded to a RR of 1.17 (95% CI 1.15-1.18). Compared with full term (39-41 weeks) children, the adjusted RR of asthma hospitalization born at 22-28 weeks was 2.26 (95% CI 2.10-2.43). Even early term (37-38 weeks) children had a higher risk of hospitalization for asthma than full term children (RR 1.10, 95% CI 1.09-1.12). A one-week decrease in gestational age corresponded to a RR of 1.05 (95% CI 1.04-1.06). Children born SGA were associated with a moderately increased risk of asthma hospitalization (RR 1.20, 95% CI 1.16-1.24). Risk for asthma increased steadily with decreasing Z-score for children (RR 1.03, 95% CI 1.02-1.04) ( Table 2 ). When analyzing predictors for asthma hospitalization, we included gestational age and birth weight in the same model. The RR was 1.08 (95% CI 1.06-1.09) for a 1000-g decrease in birth weight and 1.04 (95% CI 1.03 -1.05) for a one-week decrease in gestational age. We estimated the association between fetal growth and asthma hospitalization stratified by gestational age. There was a significant association between SGA and increased risk of asthma in term but not in preterm born (<37 weeks) children. However, with the exception of extremely preterm born children (22-28 weeks) and children born after 42 gestational weeks, the risk of asthma increased with decreasing Z-sore in all preterm and term gestational age groups. In extremely and moderately preterm born children (22-32 weeks), LGA children had a decreased risk of asthma hospitalization ( Table 3) .
The associations were similar in children who were delivered vaginally and by cesarean section (data not shown). The associations between low birth weight, short gestational age, SGA, and risk of asthma hospitalization attenuated slightly by further adjustment for complications of preterm birth but remained statistically significant (data not shown). In sub-analysis, after further adjustment for weight before pregnancy, maternal asthma during pregnancy, maternal smoking during pregnancy, breastfeeding duration, ETS exposure, contact with pets, mother's marital status, and cohabit status, the estimated RRs were similar to those obtained without adjustment for these potential confounders (data not shown).
When the outcome was asthma medication, the aforementioned associations remained statistically significant although the magnitude of associations decreased slightly (Table 4 ).
Discussion
Our results indicated that risk for asthma hospitalization increased with lower birth weight and shorter gestational age. Even early term (37-38 weeks) children had a higher risk of hospitalization for asthma than full term (39-41 weeks) children. SGA was associated with a slightly increased risk of hospitalization for asthma in term but not in preterm born children.
LGA was associated with a decreased risk of asthma hospitalization in extremely and moderately preterm born children.
The inverse association we found between birth weight and asthma hospitalization concurs with most previous cohort studies [8, 9, 14, 21, [23] [24] [25] [26] . Low birth weight often results from fetal growth restriction, preterm birth or both. Low birth weight may act as a mediating factor between the determinants of low birth weight and asthma hospitalization. Thus, these associations may reflect unknown causes of asthma also influencing fetal growth and/or length of gestation.
In the present study, an increased risk of hospitalization for asthma was associated with decreasing gestational age. The finding is consistent with most [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , although not all [18] [19] [20] [21] [22] , previous cohort studies, which may reflect instable results due to small sample sizes [18] [19] [20] [21] [22] . Wheezing symptoms in children under three years are common and often transient [50] , and including children with transient wheezes in the asthma group may dilute possible associations specific to asthma [51] . The inconsistent finding may reflect that the association we found is mainly seen for severe cases. The preterm birth may be related to a deficit in the structure and function of the lung at birth [3] , which may increase the risk of subsequent asthma development. It is also possible that preterm birth and asthma share common genetic determinants or environmental exposures. For instance, studies have indicated that maternal asthma is associated with both preterm birth and childhood asthma [9, 52] .
We also found that early term children had a higher risk of hospitalization for asthma compared with full term children [17] . Although the relative risk of hospitalization for asthma for early term children is lower than for preterm children, the larger number of children born at early term may present a greater disease burden in the population.
Evidence linking fetal growth restriction to childhood asthma is limited. In the present study, SGA was associated with a slightly increased risk of hospitalization for asthma. Our findings are in concordance with two of three cohort studies [15, 24] , but not with an early study [9] . Several studies have limited power to detect the modest association we observed [32, 33, 53, 54] . And cross-sectional studies may be vulnerable to recall bias [14, 16, 17] . As preterm born infants are smaller than fetuses of the same gestational age [39] , studies, categorizing SGA based on the distributions of live births [32, 33, 53] may misclassify SGA as AGA, and thereby dilute a possible association. Two previous studies explored the association between fetal growth and asthma using measured fetal growth as a predictor for asthma [9, 54] , with null findings. One study had limited power to detect the modest association we observed due to smaller sample size [54] . Use of a broader asthma definition may lead to more non-differential misclassification and therefore dilute the association [9] . The conflicting findings may also suggest that the association between fetal growth and hospitalization for asthma is weak, or is caused by factors that correlate with fetal growth. Normal lung development depends on the presence of appropriate oxygen tension and nutrition. Children born with fetal growth restriction have a greater risk of developing brochopulmonary dysplasia [4] , which is associated with childhood asthma [55] , providing a potential mechanism by which fetal growth restriction may increase the risk of asthma. However, this probably does not fully explain the association we observed as the association attenuated after further adjustment for the respiratory complications of preterm birth but remained statistically significant. Factors responsible for fetal growth restriction may also lead to "programming" of the respiratory or immune systems [56] , predisposing children to the development of asthma. The association between SGA and hospitalization for asthma was observed in term but not in preterm born children. The underlying mechanism is not clear. Further studies elucidating the mechanisms are warranted. A novel finding in our study was LGA was associated with a deceased risk for asthma hospitalization in extremely and moderately preterm born children. Our result is consistent with one previous study showing the association of high birth weight for gestational age and a decreased risk of asthma in preterm children [24] . Our data support the previous study that has found a reduced risk of chronic lung disease in children born large for gestational age and preterm, compared with children born appropriate for gestational age and preterm [4] .
Our study is the largest study so far on this topic. The large sample size allowed us to analyze the association between birth characteristics and child hospitalization for asthma with almost complete follow-up.
Our study also has limitations. We did not investigate confounding from familial lifestyle and environmental factors, including housing status, early exposure to allergens, diet and nutrition. We used first hospital discharge diagnosis after three years of age as the outcome, and therefore, our findings addressed severe asthma or factors that may lower the threshold for asthma hospitalization. Although we did a sub-analysis with asthma medication and got similar findings, we did not include all patients with mild symptoms who did not seek medical help. Therefore, our findings cannot be generalized to those children as well as children with transient asthma. Second, children born with low gestational age or fetal growth restriction may have more opportunities to have asthma diagnosed because they are hospitalized more frequently due to co-morbidity [57] . Our findings were similar to those reported in other large cohort studies using different definitions of asthma [15, 24] . In a sub-analysis, we compared findings using two different criteria to identify cases: prescription data and hospitalization data. We found that short gestational age and fetal growth restriction increased the risk of asthma regardless of data source. Third, our study focused on the Nordic populations, which have comprehensive and mainly publicly financed health care systems. In addition, asthma is a heterogeneous disease and the distribution of asthma subtypes is dependent upon the interaction of genetic characteristics and environmental factors. Thereby, our findings may not be generalized to other population.
Conclusions
Fetal growth and gestational age may play a direct or indirect causal role in the development of childhood asthma.
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